Abstract. Treatment with doxorubicin (DOX), which is an effective anticancer agent, is limited by cardiotoxicity. CUE domain-containing 2 (CUEDC2) serves a role in numerous cellular processes. The present study aimed to elucidate the potential function of CUEDC2 in DOX-induced cardiotoxicity. Cell Counting kit-8 assay demonstrated that DOX induced cytotoxicity of H9c2 cells in a dose-dependent manner. Flow cytometry demonstrated that downregulation of CUEDC2 reduced the levels of DOX-induced reactive oxygen species. Furthermore, compared with in the DOX-treated group, the activity of superoxide dismutase was increased in the DOX + small interfering RNA (si)CUEDC2 group; whereas, the malondialdehyde content was reduced in the DOX + siCUEDC2 group. In addition, flow cytometric analysis indicated that mitochondrial membrane potential was maintained following the depletion of CUEDC2. Furthermore, CUEDC2 downregulation significantly inhibited DOX-induced apoptosis. The expression levels of proapoptotic genes, including B-cell lymphoma 2 (Bcl-2)-associated X protein, cleaved caspase-3 and cytochrome c were inhibited by the depletion of CUEDC2. Conversely, the expression levels of the anti-apoptotic gene Bcl-2 were elevated in the CUEDC2 knockdown group. Downregulation of CUEDC2 also increased phosphorylation of protein kinase B and forkhead box O3a, and decreased the expression of Bcl-2-like protein 11 according to western blot analysis. Taken together, the present study demonstrated that CUEDC2 downregulation prevented DOX-induced cardiotoxicity in H9c2 cells. Therefore, CUEDC2 may be a promising target for the prevention of DOX-induced cardiotoxicity.
Introduction
Doxorubicin (DOX) is a broad-spectrum anthracycline antibiotic, which can interact with topoisomerase II complex, thereby inhibiting the progression of DNA replication (1, 2) ; therefore, DOX is often used to treat solid tumors and certain types of leukemia. However, its clinical use is limited by side effects, including vomiting, hair loss, inflammation and heart injury (3). Among these side effects, cardiomyopathy is the most severe and is caused by increased generation of reactive oxygen species (ROS) (4, 5) . Mitochondria serve a central role in production of intracellular energy and are the primary target of DOX-induced toxicity (6) . Once mitochondrial dysfunction occurs, apoptosis or programmed cell death is activated. It has previously been reported that DOX can induce apoptosis by arresting cell cycle progression (7) . DOX-induced ROS release is mediated by signaling pathways and triggers apoptosis of myocardial cells. Protein kinase B (AKT) is a serine/threonine kinase, which serves a role in various biological events, including cell survival, apoptosis and metabolism. In addition, forkhead box protein O (FOXO) transcription factors modulate apoptosis and resistance to oxidative stress (8) . Activated AKT via phosphorylation regulates its downstream targets via kinase activity. It has been reported that FOXO3a is a member of the FOXO protein family, which can be phosphorylated by this activated signal (9) . Phosphorylation of FOXO3a may lead to its nuclear export and suppression of the transcription of its target genes. Conversely, apoptotic signals may result in dephosphorylation of FOXO3a and therefore activate the expression of its target genes (10) (11) (12) . It has previously been revealed that B-cell lymphoma 2 (Bcl-2)-like protein 11 (Bim) has an important role in the underlying mechanisms associated with programmed death and stress-mediated apoptosis, which can be regulated by FOXO3a. Furthermore, inhibition of AKT activity has been demonstrated to enhance the expression levels of Bim (12) . Based on these findings, prevention of apoptosis may be a potential treatment strategy for DOX-induced cardiotoxicity.
CUE domain-containing 2 (CUEDC2) is extensively expressed in the brain, testes and heart; it has previously been reported that CUEDC2 promotes ubiquitination and degradation of progesterone receptors (13) . CUEDC2 is associated with the cell cycle and inflammation (14) , and it has been revealed to be abnormally expressed in tumors, including kidney, brain, ovarian and breast cancer (14) . However, the potential function of CUEDC2 in DOX-induced cardiotoxicity remains to be completely elucidated. The present study focused on determining the effects of CUEDC2 on DOX-induced cardiotoxicity and elucidating the underlying molecular mechanism.
In the present study, downregulation of CUEDC2 alleviated DOX-induced cardiotoxicity by reducing oxidative stress and suppressing apoptosis. Furthermore, it was demonstrated that this attenuated cardiotoxicity may be caused by the phosphorylation of AKT/FOXO3a and decreased expression of Bim. The results indicated that CUEDC2 may be considered a promising target in the prevention of DOX-induced cardiotoxicity.
Materials and methods
Cell culture and treatment groups. The H9c2 cell line (American Type Culture Collection, Manassas, VA, USA) was grown at 37˚C in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% fetal bovine serum (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and 10% penicillin/streptomycin in an atmosphere containing 5% CO 2 . The phenotype of myocardial cells was initially observed under a light microscope (magnification, x40). The negative small interfering (si) RNA scramble control (siSCR), CUEDC2 siRNA (siCUE) and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) primers were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). At ~80% confluence, cells were divided into the following groups: i) untreated cells (control); ii) cells transfected with siSCR; iii) cells treated with 1 µM DOX (Sigma-Aldrich; Merck KGaA) at 37˚C for 24 h (DOX); iv) cells transfected with siSCR and treated with 1 µM DOX at 37˚C for 24 h (DOX + siSCR); and v) cells transfected with siCUE and treated with 1 µM DOX at 37˚C for 24 h (DOX + siCUE). All experiments were carried out independently at least three times.
Cell transfection. According to the manufacturer's protocol, cells (1x10 5 ) were seeded into 6-well plates and maintained in serum-free medium overnight. Briefly, Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) was mixed with serum-free DMEM. After 5 min, the resulting regent was divided into three centrifuge tubes, containing: i) 10 µl Lipofectamine ® 2000 alone, ii) 10 µM siScr (cat. no. sc-37007; Santa Cruz Biotechnology, Inc.) or iii) 10 µM siCUE (cat. no. sc-90791; Santa Cruz Biotechnology, Inc.), according to the experimental design. The mixtures were incubated at room temperature for 20 min. Subsequently, the liposome mixtures were added to the cells. After a 6 h incubation at 37˚C, the transfection medium was removed and supplemented with normal culture medium or DOX for 1 h. The cells were collected a total of 24 h post-transfection and then subjected to subsequent assays. Flow cytometric analysis of ROS. Cells were stained with the oxidant-sensitive fluorescent probe 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA; cat. no. 35845; Sigma-Aldrich; Merck KGaA) for 15 min and were washed with PBS. 2',7'-Dichlorofluorescein (DCF) was generated from DCFH-DA in the presence of peroxide. The fluorescence of DCF was detected using Accuri C6 flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA) with an excitation wavelength of 485 nm. Data analysis was performed using Accuri CFlow Plus software (version 1.0; BD Biosciences).
Cell

Mitochondrial membrane potential (MMP) determination.
The JC-1 probe can emit green fluorescence at low membrane potentials and red fluorescence at increased potentials. MitoProbe™ JC-1 Assay kit (cat. no. M34152; Invitrogen; Thermo Fisher Scientific, Inc.) was used to determine MMP, according to the manufacturer's protocol. Briefly, the cells were stained with JC-1 for 20 min at 37˚C and were then loaded onto an Accuri C6 flow cytometer (BD Biosciences). The ratio of red/green fluorescence was calculated and a decrease in the ratio indicated loss of MMP. Data analysis was performed with Accuri CFlow Plus software (version 1.0; BD Biosciences).
Flow cytometric analysis of apoptosis.
The Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) kit (cat. no. V13241; Invitrogen; Thermo Fisher Scientific, Inc.) was used to detect apoptosis. Annexin V-FITC + /PI -indicated early apoptotic cells, whereas late apoptotic cells were represented as Annexin V-FITC + /PI + . According to the manufacturer's protocol, following treatment, cells in a 24-well plate (1x10 5 cells/well) were stained with Annexin V-FITC and PI for 10 min at room temperature in the dark, after which fluorescence intensity was analyzed using Accuri C6 flow cytometry with Accuri CFlow Plus software version 1.0 (BD Biosciences).
Activity measurement of oxidative indicators.
Superoxide dismutase (SOD; cat. no. S0101), catalase (CAT; cat. no. S0051) and malondialdehyde (MDA; cat no. S0131) were spectrophotometrically determined in collected cells following treatment using commercial assay kits, according to the manufacturer's protocols (Beyotime Institute of Biotechnology). SOD and CAT activity was presented as units per mg of protein, and MDA content was presented as nmol/mg.
RNA isolation and RT-qPCR. Total RNA was isolated from the cells using TRIzol ® regent (Invitrogen; Thermo Fisher Scientific, Inc). cDNA was synthesized from 2 µg RNA using oligo-dT primers (New England BioLabs, Inc., Ipswich, MA, USA) and M-MLV reverse transcriptase (Promega Corporation), according to manufacturer's protocol. qPCR was conducted on the Mastercycler ® ep realplex system (Eppendorf, Hamburg, Germany) using SYBR Green PCR master mix (Takara Bio, Inc., Otsu, Japan), according to the manufacturer's protocol. The thermocycling conditions used for qPCR were as follows: 95˚C for 5 min; followed by 36 cycles of 95˚C for 30 sec and 60˚C for 30 sec; followed by 72˚C for 7 min. The relative expression levels of target genes were normalized to the expression of the housekeeping gene GAPDH. The following primer sequences were used for qPCR: Bcl-2-associated X protein (Bax), forward 5'-TGG CCT CCT TTC CTA CTT CG-3' , reverse 5'-AAA ATG CCT TTC CCC GTT CC-3'; Bcl-2, forward 5'-CAC ACA CAC ACA TTC AGG CA-3', reverse 5'-GGC AAT TCC TGG TTC GGT TT-3'; caspase-3, forward 5'-CTC GCG TTA ACA GGA AGG TG-3', reverse 5'-GGC AGT GGT AGC GTA CAA AG-3'; cytochrome c, forward 5'-AGA GTG AGT TCC AGG ACA GC-3', reverse 5'-ACT AAC GAG GCC CCT TTG AA-3'; and GAPDH, forward 5'-GGG TCC CAG CTT AGG TTC AT-3' and reverse 5'-CAT TCT CGG CCT TGA CTG TG-3'. Quantification of RT-qPCR products was performed using the 2 -ΔΔCq method (15) . Statistical analysis. Statistical analyses were performed using GraphPad Prism (version 6.0; GraphPad Software, Inc., La Jolla, CA, USA). The difference between groups was analyzed using one-way analysis of variance followed by Dunnett's or Turkey's post hoc tests when appropriate. Data are presented as the means ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results
Cytotoxicity of DOX in H9c2 cells.
The phenotype of myocardial cells are presented in Fig. 1A and B. Subsequently, cytotoxicity of DOX (0.1, 0.5, 1 and 5 µM) was determined in H9c2 cells. The results of CCK-8 assay demonstrated that viability of H9c2 cells was significantly decreased following incubation with 0.5 µM DOX for 24 h. Cytotoxicity of DOX increased in a dose-dependent manner (Fig. 1C) . According to the results presented in Fig. 1C and a previous study (16), 1 µM DOX was selected to establish the cardiotoxicity model in the present study.
Effects of depletion of CUEDC2 on DOX-induced oxidative stress. CUEDC2 is extensively expressed in the heart, and it has been reported that this protein is involved in modulation of the oxidative capacity of cardiomyocytes (17) . Therefore, the potential function of CUEDC2 in cardiomyocytes was investigated in subsequent experiments. Following transfection with siRNA, the mRNA and protein expression levels of CUEDC2 were downregulated, thus indicating that knockdown of CUEDC2 was effective (Fig. 1D-F) . Formation of ROS has previously been implicated in DOX-induced cardiotoxicity (17) . Flow cytometric analysis demonstrated that the levels of ROS were elevated in the DOX group, whereas they were decreased in the DOX + siCUE group ( Fig. 2A and B) . Intracellular redox homeostasis is dependent on the generation and removal of ROS. Production of MDA and the activity of antioxidative enzymes, including SOD and CAT, can be used to monitor this redox state (18) . The results of the present study revealed that DOX markedly increased the content of MDA, whereas depletion of CUEDC2 resulted in a significant decrease in MDA levels. In addition, DOX-reduced SOD activity was rescued by the depletion of CUEDC2, whereas the alterations in CAT activity were not significantly different in the DOX + siCUE group compared with in the DOX group (Fig. 2C) .
Effects of CUEDC2 knockdown on MMP.
Mitochondria are the primary target organelles of DOX-induced cardiotoxicity (19, 20) . MMP is necessary for the production of ATP, which serves crucial roles in living cells (21) . The results of flow cytometry revealed that DOX induced MMP loss; however, MMP was recovered by the knockdown of CUEDC2 (Fig. 3A and B )
Effects of CUEDC2 knockdown on DOX-mediated apoptosis.
Mitochondrial dysfunction is closely associated with apoptosis (22); therefore, the levels of apoptosis were determined in the present study. The results of flow cytometry demonstrated that the rate of apoptosis was lower in the DOX + siCUE group compared with in the DOX group ( Fig. 4A and B) . The expression levels of apoptosis-associated genes were also detected in the present study. The mRNA expression levels of Bax, caspase-3 and cytochrome c were decreased in the DOX + siCUE group compared with in the DOX group (Fig. 5) . Conversely, Bcl-2 expression was increased following depletion of CUEDC2. In addition, the protein expression levels of Bax, cleaved-caspase-3 and cytochrome c were lower in the DOX + siCUE group compared with in the DOX group, whereas Bcl-2 expression was elevated in the DOX + siCUE group compared with in the DOX group.
Effects of CUEDC2 depletion on the AKT/FOXO3a/Bim signaling pathway. FOXO3a, as a member of the FOXO family of transcription factors, serves a role in the oxidative stress response. It has previously been reported that AKT signaling regulates the activity FOXO3a, which in turn modulates the expression of Bim (23, 24) . Levels of phosphorylated AKT and phosphorylated FOXO3a were significantly enhanced in the DOX + siCUE group compared with in the DOX group (Fig. 6) . Conversely, the elevated protein expression of Bim following treatment with DOX was decreased following depletion of CUEDC2. These findings suggested that siCUE activated phosphorylated AKT, which subsequently phosphorylated FOXO3a and decreased Bim transcription.
Discussion
Despite its high anticancer efficacy, the clinical use of DOX is limited by its acute or cumulative cardiotoxicity (25) . CUEDC2 is considered to serve a role in various cellular processes and is abundant in the heart (14); however, little is known about the potential function of CUEDC2 in DOX-induced cardiotoxicity. Therefore, the present study aimed to investigate its function and associated mechanisms. H9c2 cells, which were originally derived from embryonic rat ventricular tissue, can accurately model the response of primary cardiomyocytes (26) . As opposed to non-proliferating primary cardiomyocytes, H9c2 cells are able to proliferate (27) (28) (29) . Therefore, the present study used H9c2 as an in vitro model for subsequent experiments. In the present study, treatment with DOX decreased viability of myocardial cells in a dose-dependent manner. Production of ROS is reported as one of the mechanisms mediating DOX-induced cardiotoxicity (25) . The results of the present study demonstrated that depletion of CUEDC2 decreased ROS levels, which were elevated following treatment with DOX. Furthermore, oxidative stress indicators were modulated by depletion of CUEDC2, as demonstrated by inhibition of the generation of MDA and increased activity of SOD and CAT; however, the increase of CAT activity following transfection with siCUE was not significant. The aforementioned results are consistent with a previous study where ablation of CUEDC2 protected cardiomyocytes against oxidative stress by facilitating stability of the antioxidant enzyme glutathione peroxidase 1 (17) . Apoptosis can be mediated by DOX-induced oxidative stress (30) . Loss of MMP has been demonstrated to occur during the early stage of apoptosis (31) . In the present study, loss of MMP was effectively recovered by the depletion of CUEDC2, thus indicating that silencing CUEDC2 improved mitochondrial function. Apoptosis rate was decreased by ~50% in the CUEDC2 depletion group compared with in the DOX group. Bcl-2 is an anti-apoptotic protein, whereas Bax is a proapoptotic protein (32, 33) . Furthermore, diverse apoptosis pathways converge on a mechanism associated with caspase-3 (34, 35) , and the release of cytochrome c from mitochondria to cytosol can act as an intermediate to induce apoptosis (36) . The results of the present study revealed that the DOX-induced elevated expression levels of Bax, cleaved caspase-3 and cytochrome c were decreased in the CUEDC2 depletion group. Conversely, the decreased expression of Bcl-2 was rescued by depletion of CUEDC2. Taken together, downregulation of CUEDC2 may prevent DOX-induced oxidative stress and apoptosis. FOXO transcription factors are implicated in numerous cellular responses (8) . Among the FOXO proteins, FOXO3a has been extensively studied and has been demonstrated to serve a role in the stress response (37) (38) (39) . It has been reported that phosphorylated AKT, as a mediator of cellular processes, may phosphorylate FOXO3a to inhibit its activity, thereby disrupting transcription of its target genes, including Bim (11) . As a target of FOXO3, Bim is also associated with apoptosis caused by stress (40) . To further determine the underlying mechanisms of DOX-induced cardiotoxicity, involvement of the AKT/FOXO3a/Bim signaling pathway was examined. The results demonstrated that the expression levels of p-AKT and p-FOXO3a were increased in the CUEDC2 depletion group, whereas Bim expression was downregulated. This suggests that siCUE activated p-AKT, and subsequently the levels of p-FOXO3a and Bim were increased and decreased by p-AKT, respectively. However, this was not fully determined by the present study and thus requires further investigation. In the # P<0.05 and ## P<0.01 vs. the DOX group. Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; Clea cas-3, cleaved caspase-3; Cytc, cytochrome c; DOX, doxorubicin; siCUE, CUEDC2 siRNA; siRNA, small interfering RNA; siSCR, siRNA scramble control. present study, the AKT/FOXO3a/Bim signaling pathway exerted a positive role in the prevention of DOX-induced cardiotoxicity, which was in agreement with the results of a previous study (41) . In addition, NAD-dependent protein deacetylase sirtuin-1 has been reported to exhibit synergetic effects on phosphoinositide 3-kinase/AKT that augment the protective effects of exercise on the heart (11). Therefore, it is possible that other signaling pathways may be involved in regulation of FOXO3a. The present study demonstrated that downregulation of CUEDC2 was beneficial and alleviated DOX-induced toxicity in H9c2 cells. The results of the present study are supported by results of a previous study where overexpression of CUEDC2 was considered a predictor of poor prognosis of ovarian serous carcinoma (42) . However, a recent study reported that CUEDC2 knockdown could increase tumor growth in lung adenocarcinoma (43) . It has therefore been suggested that the function of CUEDC2 may be dependent on cell type. Therefore, it is necessary to perform further in-depth investigations, including in vivo animal studies, to elucidate the underlying mechanism of CUEDC2, as CUEDC2 may exhibit different functions in vitro and in vivo. Taken together, CUEDC2 may be used as a therapeutic target for the treatment of cardiac injury.
In conclusion, the present study demonstrated that downregulation of CUEDC2 prevented DOX-induced cardiotoxicity by alleviating oxidative stress, maintaining MMP and inhibiting apoptosis. It was also demonstrated that the AKT/FOXO3a/Bim signaling pathway serves a role in the cardioprotective mechanism of CUEDC2 knockdown. The results of the present study indicated that modulating the expression of CUEDC2 may be a novel therapeutic strategy to mitigate DOX-associated cardiotoxicity in the future.
